University of Central Florida

STARS
Retrospective Theses and Dissertations
Summer 1983

The Design of a Deep Ocean Hydrophone
Michael F. Hackathorn
University of Central Florida

Part of the Engineering Commons

Find similar works at: https://stars.library.ucf.edu/rtd
University of Central Florida Libraries http://library.ucf.edu
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for
inclusion in Retrospective Theses and Dissertations by an authorized administrator of STARS. For more information,
please contact STARS@ucf.edu.

STARS Citation
Hackathorn, Michael F., "The Design of a Deep Ocean Hydrophone" (1983). Retrospective Theses and
Dissertations. 684.
https://stars.library.ucf.edu/rtd/684

THE DESIGN OF A DEEP OCEAN HYDROPHONE

BY
MICHAEL F. HACKATHORN
B.S.E., Florida Technological University, 1976

RESEARCH REPORT
Submitted in partial fulfillment of the requirements
for the degree of Master of Science in Engineering
in the Graduate Studies Program of the College of Engineering
University of Central Florida
Orlando, Florida

Summer Term
1983

ABSTRACT
A design for a deep ocean hydrophone is proposed here.
hydrophone's sound sensing element is comprised of a capped
electric ceramic cylinder.

The
en~,

piezo-

This sound sensing element is encased in an

acoustic coupling fluid filled elastomeric boot.

A small diameter tube

communicates hydrostatic pressure from the coupling fluid to the interior of the sound sensing element for hydrostatic pressure compensation.
The theoretical free field voltage sensitivity, the ratio of open circuit voltage to incident acoustic pressure, is predicted from mathematical model of the sound sensing element.
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CHAPTER I
INTRODUCTION

A hydrophone is an electroacoustic transducer used to convert
water born acoustic energy to electrical energy.

The military and certain

research organizations use these devices to monitor ship traffic, study
the migratory patterns of marine

lif~,

and to investigate the seismic

action of the ocean floor.
The objective of this research report is as follows:
1.

To present a design concept for a deep ocean hydrophone.

2.

To mathematically model the sound sensing element of the

proposed hydrophone.
3.

To use the mathematical model to predict the free field

voltage sensitivity in a hydrophone design.
The electroacoustic performance of the hydrophone is predicted
from a mathematical model based on dynamical analogies.

This modeling

technique, also known as equivalent circuit, allows the analysis of
complex distributed systems having mechanical,
properties.

acousti~,

and electrical

Dynamical analogies are the application of electrical

circuit theory to mechanical and acoustic problems.

There is a wide

body of knowledge available for applying dynamical analogies to hydrophone design problems and the literature tends to indicate that this
approach is the prevailing method of analysis.
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General Hydrophone Performance Objectives
High free field voltage sensitivity and wide band width are the
primary performance objectives of this hydrophone design.

High free

field voltage sensitivity is necessary to detect the small signal levels
encountered in oceanographic studies.

High sensitivity reduces the

demands made on the electrical amplifier, as well as indicating efficient
use of sound sensing materials.

Wide band width is necessary to deal

with the dynamic range of signals to be received.

These frequencies can

range from low frequency seismic rumblings to the high frequencies generated by high speed propellers.
Deep ocean hydrophones are moored for long periods of time
therefore, it is necessary that a hydrophones electrical performance be
stable for the quantative processing of electrical signals.

Hydro-

phone performance can be affected by degradation in sound sensor materials caused by environmental conditions.
ocean is harsh.

The environment of the deep

Pressures of many megapascals as well as temperatures

as low as 2°C are encountered.

The corrosive nature of sea water makes

special demands on the materials exposed to the environment.

These

factors create a tremendous demand on the hydrophone design.
Co~t

is also a design factor.

Hydrophones for deep ocean use

and migratory studies are considered expendable due to the recovery
~

costs involved.

The hydrophone must have low component cost and be

easily manufactured to be cost effective.

3

Design Concept
The structural shape of the proposed hydrophone's sound sensing
element, shown schematically in Figure 1, has been chosen to be a right
circular cylinder for compact, efficient use of volume.

The sound sen-

sing element is a piezoelectric ceramic cylinder with end caps.

The end

caps are to prevent loss of voltage sensitivity, due to the pressure
signal shunting to the interior of the piezoelectric element.

A cylin-

drical shape for the sound sensing element was selected to make the
hydrophone omnidirectional in a plane perpendicular to the cylindrical
axis.

Other configurations, such as longitudinal vibrations, would

cause spatial discrimination in the received acoustic signal at higher
frequencies.
The dynamic range of pressures encountered by a deep ocean hydrophone presents tremendous demands on the hydrophone.

Hydrophones must

be able to withstand hydrostatic pressures of many megapascals but be
able to detect acoustic pressures in micropascals.

The intent of this

hydrophone for deep sea use dictates a pressure compensating design to
reduce the stresses induced in the hydrophone.

These stresses can

cause structural failure of the device or unacceptable degradation in
electrical performance.
There are methods of reducing the stresses induced by hydrostatic
pressures.

Two configurations which have been studied at pressures to

16,000 psi (approximately 30,000 ft.) are air filled hollow spheres and
capped tubes [1].

A hydrophone based on a hollow air filled sphere has

4

--Acoustic Coupling Fluid

External
Enclosure_ __..,..
Ceramic Cylinder

Figure l.

Schematic of a capillary tube compensated hydrophone
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been successfully calibrated to a depth of 20,000 ft [2], but the compressibility of air limits its depth capabilities much beyond this point.
Transducers using free flooding ceramic cylinders have been used successfully and undergo little change in performance with time and depth [3].
[4].

The bandwidth of the free flood cylinder is restricted due to the

cavity resonance associated with the water column formed by the innerdiameter and length of the cylinder.

Another compensation method is

the use of dually opposed relief valves, where the increasing hydrostatic pressure of descent opens one valve while the other remains closed.
Upon ascent, the roles of the check valves are reversed, where decreasing pressure causes the other valve to open and closes the descent check
valve.

The advantage of this method is that no acoustic pressure sig-

nal is allowed to shunt to the sound sensor interior, while the valves
are closed.

Physical size of the check valves and complexity of the

valving system would preclude use in a small, low cost hydrophone design.
High pressure air compensations systems have also been used but the
attendant high pressure air storage tanks and regulating systems are
bulky and expensive.
O'Neill [5] suggests an elegant solution to the compensation
problem that has been used successfully in several transducer designs.
A small diameter tube can be used to communicate hydrostatic pressure
to the hydrophone structure.

The tube acts as a low pass pressure

fi.lter allowing very slow changing pressures to be compensated. There
is a reduction in low frequency sensitivity due to pressure signals

6

shunting to the hydrophone interior, but the roll off point can usually
be put below the lowest frequency of interest.
As shown in the hydrophone schematic (Figure 1), the sound sensing element is encased in an acoustic coupling filled elastomeric boot.
The elastomeric boot protects the sound sensing element from the hostile
ocean

environmen~,

as well as preventing contaminants from entering the

small diameter tube.

The acoustic coupling fl,uid transmits hydrostatic

pressure as well as sound energy to the sound sensing element.

CHAPTER II
MATHEMATICAL MODEL OF A CAPILLARY TUBE COMPENSATED HYDROPHONE
This chapter presents a mathematical model of a deep ocean
hydrophone with capillary tube compensation.

The model is limited to

the sound sensing element, that is the structure comprised of the two
end caps, the piezoelectric ceramic element, fill fluid, and the capillary tube.
Figure 2 shows the electroacoustic circuit of the hydrophone.
The sound sensor element model has been broken into three regions, electrical, mechanical and acoustic, all tied together with ideal, lossless
transformers.

The windings of these ideal transforms have infinite im-

pedance and obey the rules governing transformers, at all frequencies,
including steady flow.
As in the electrical region where the 11 flow 11 variable is current,
and the 11 drop 11 variable is voltag.e , the other regions have 11 flow 11 and
11

drop 11 variables.

The flow variable in the mechanical circuit is velo-

city and drop variable is force.

The analogy in the acoustic circuit is

volume velocity as the flow variable and pressure as the drop variable.
The mathematical operation associated with each symbol is invariant.
m represents the drop variable, n the flpw
of the circuit

elemen~,

variabl~,

and p the magnitude

the process associated with each element is as

follows:
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If

8

Resistive

m = np

Capacitive

m=

Inductive

m = p dT

~

Jn

dT

dn

Therefore, mass elements are represented by inductors and compliance
elements by capacitors.
The piezoelectric ceramic tube is fundamentally a capacitive
element, being a dielectric material electroded on the entire inner and
outer diameter surfaces, the magnitude of the capacitor is represented

<P

is the "turns ratio" of the transformer that transforms force

to voltage, between the mechanical circuit and electrical circuit.
The resistor Rm represents the mechanical losses in the mechanical circuit.

The losses are due to molecular friction,
. so that Rm is
typically very small in piezoelectric ceramics at low signal levels.
The losses are functionally related to the signal intensity and become
excessive at high signal levels.

The losses are functionally related

to the signal intensity and become excessive at high signal levels.
The mass of the piezoelectric ceramic is represented by the
inductor Mm.

Mass is a physical quantity which when acted on by a force

is accelerated in direct proportion to the force.
The compliance is given by the capacitor Cm.

Compliance is the

proportional constant between a force acting on and the deflection of
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a surface.
Surface area, A, is the "turns ratio" of the transformer between
the mechanical circuit and the acoustic circuit, that is
Force = Pressure x Area
The acoustic inductance of the capillary tube is given by Mc .
The fluid in the capillary tube is considered to move as a continuous
mass, like a piston, thus its "inductive" behavior.
There are viscous losses associated with the capillary tube.
These losses, represented by Rc' are the shearing losses associated
with fluid fl ow.

c1

is the acoustic compliance of the volume formed by the

piezoelectric ceramic tube and the end caps.

It is a spring which the

fluid piston in the capillary tube works against.
The acoustic signal is represented by the constant pressure
generator, P.

It is this acoustic signal the hydrophone is to detect.

E0 c is the open circuit voltage generated in response to the
acoustic signal.
Langevin's [6]

relation~,

a simple designers equation, for

calculating the sensitivity of the element cannot be used here.

Al-

though the requirement that the sensor's first mechanical resonance be
much higher than the frequencies of interest is met, i.e., f <<fr
(Appendix A), the frequency dependence of the pressure filter and the
added stiffness due to the fill

fl~id

must be accounted for.

LeBlanc

[7] suggests the electroacoustic circuit for a pressure balance cylinder
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that, with a few modifications, is used here to estimate the free field
voltage sensitivity (Figure 2).
If the length of the piezoelectric ceramic tube is long compared to its diameter, Mason's derivation [8] for the compliance and
mass of a thin ring can be used to find the compliance and mass of the
piezoelectric tube Cm and Mm.
Mason has found an equation for the radial vibrations of a thin
ring with electrical boundary conditions.

From his solution for the

natural frequency the compliance and mass of the thin ring can be derived.
The derivation starts with the piezoelectric equations; mathematical
equations describing the relation between stress T, strain S, electric
field E, and electric displacement D in piezoelectric materials.

In

index form the equations are
S.
1

= s ElJ..

T. + d . E
J
m1 m

'

i, j

= 1 to 6

( 1)

m, k

= 1

to 3

(2)

and

where a repeated suffix denotes a summation with respect to the suffix,
T
dmi is the piezoelectric strain constant, emk
the dielectric constant

ands~. the elastic compliance constant.
lJ

The assumptions made are that for a very thin cylinder wall all
stresses but the circumferential stress T1 are zero, and equipotential
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surfaces in the 1 and 2 direction give E1 = E2 = 0 on the surfaces and
also within thering because of the negligibly small cross section of the
ring.

Therefore, the piezoelectric equations can be reduced to
(3)
(4)

For an incremental segment of the ring, (Figure 3), Newton's
second law can be applied giving
-2T LW sin (dQ)
1

where

p

2

= paWLdQ a ~
2

is the mass density of the ring material and

displacement.

Noting that

s11 = ~

(5)

at2

~

is the radial

Equation 5 can be reduced to

a

32~

-+

a

2.

l

E
a pSll
-2

~

=

d31
-

E

apsll

E3

( 6)

If E3 is set equa 1 to zero ·then Equation 6 is recognized as
a second order differential equation describing the free vibrations of
a spring mass system.

Therefore, the resonant frequency wn is given

by
w2

n

=

1

=

1

(7)

Equation 7 can be manipulated to find the mechanical mass Mm
and mechanical compliance Cm of the ring.

Rewriting (7) in the form
(8)

and noting

13

w

T

L

de

2

de

Figure 3.

Forces on a cylindrical element
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Mm

= pa2TIWL

( 9)

then, the mechanical compliance is

Cm

- sE
a
11

(10)

= ·2;'WL

Mason [8] gives the blocked capacitance of a thin ring as
(11)

where CT , the free capaci tanc.e , is given by
T

c

-

T

2TiaL e:
= - - -33-

(12)

w

and k31 is the electromechanical coupling coefficient.
Mason [8] gives the electromechanical transformer ratio as
(13)

Beranek [9] gives the acoustic compliance of a volume as
C

1

=

Ve
P

0

where Ve

= Enclosed

(14)

c2

Volume

C = Speed of sound in enclosed liquid
p

0

= Filled fluid density
Beranek [9] also gives the acoustic impedance of a tube of

very small diameter as

za =.fu!.L+
4

Tie
where the acoustic resistance is

j

j

pol
Tie 2

(15)
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R

c

= 8~1

1Te4

(16)

= Viscosity

µ

1 = .Length of ca pi 11 ary tube
e = Inside radius of capillary tube
j = v'-1

and the acoustic mass Mc of a small diameter tube is
M = _i

c

3

(17)

The term representing mechanical losses in the ceramic material Rm is given by [10]
(18)

Where Qm is the mechanical quality factor and
(19)

CHAPTER III
DEEP OCEAN HYDROPHONE DESIGN EXAMPLE
This chapter is intended to present a design example for a deep
ocean hydrophone with capillary tube compensation.

The theoretical free

field voltage sensitivity of the example hydrophone is calculated using
the electroacoustic circuit of Chapter II.
This chapter has four subsections.

The first section gives the

general performance specifications, and the configuration details of
the hydrophone.

The second section deals with materials selection for

the hydrophone assembly.

The third section calculates the component

values used in the equilvalent electroacoustic circuit and derives the
reservoir volume.

The fourth section is a discussion of the hydrophone's

predicted response.
Perfor~ante Specifi~ations

The specifications for the example hydrophone are given in Table
1.

The hydrophone is used as a general purpose deep ocean

devic~,

with

nominal sensitivity and band width.
Figure 4 shows the detailed construction
phone assembly.

As can be seen in the

comprised of the two end

cap~,

figur~,

of~

complete hydro-

the sound sensing element

piezoelectric ceramic, and capillary tube,

are epoxied together and the assembly is epoxied into the Butyl rubber
boot.

Pipe plugs are provided for the castor oil filling operation.
16

:!:

1 dB from 3.0 HZ

V.ari ati on with pressure. ± 1 dB from 0 Pa to
. 34. 5 MPa.

Variation with frequency
: · to 1. 0 KHZ.

..

· Minimum -95 d3 re 1Y.
Pa

Free Field Voltage Sensitivity

Environment

Depth .to 3520m in sea water
period of submersion to 1 year

SPECIFICATIONS FOR A DEEP
OCEAN HYDROPHONE

TABLE 1

"

~
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----Pipe Plug

Capi 11 a ry

.__ _ _ Butyl Rubber
Boot

Piezoelectric.~---.

ceramic cylinder
--End Cap.
Wire

Reservoir

Bulkhead
Electrical
- - - Feed thru

Fi g·u re 4.

.As semb 1y drawing of the hydrophone
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Castor oil, the acoustic coupling

fl~id,

fills the hydrophone's entire

inner volume.

The end caps and bulkhead are hemispherically shaped to

aid degassing.

The capillary tube, the hydrostatic pressure compensa-

tion path, connects the sound sensors inner volume to the fill fluid
reservoir.

The reservoir, the volume between the end cap and bulkhead

is necessary to compensate for the fill fluids compressibility.

The

bulkhead, along with the end cap, not only forms the reservoir, but also
provides a means of ·mounting the electrical feed through.

The bulkhead

as well as the end cap exposed to the environment will be covered with
a potting material for protection from corrosion.

The electrical feed

throughs which typically are hermetically sealed glass to metal seals,
provide the electrical conduction path from the sound sensor element to
the signal user.
Materials Selected
Piezoelectric Ceramic Element
There are a number of transducer materials available.

Quartz

was probably the first piezoelectric material to be used in underwater
sound applications.

Other piezoelectric single crystals such as Rochelle

salt and ammonium dihydrogen phosphate (ADP.), as well as magnetostrictive materials such as nickel have been used in hydrophone applications.
There are many transducer materials to choose from but for a
practical hydrophone design many of .these materials can be eliminated.
Rochelle salt and antimony sulfate can be eliminated due to their ·

20
temperature dependency.

Antimony sulfate has a Curie temperature, i.e.,

the temperature at which piezoelectric activity· permanently ceases, of
roughly 22°C.

Lithium sulfate has a strong hydrostatic response but its

properties are degraded by .humidity and low volume resistivity and this
prohibits use at less than approximately 10 Hz.

Most of the single

crystal piezoelectric materials suffer from high cost and limited availability, making them less than desirable.
The late 1940's saw the introduction of the first piezoelectric
transducer using polarized ferroelectric barium titanate ceramics.

The

following ten years saw a significant gain in the arts of production
and application of barium titanate ceramic transducers.
The first useful electrostrictive materials were developed in
the 1950's.

When polarized, these materials took on good piezoelectric

properties.

These materials could also be formed into many useful

shapes such as rods, bars, cylinders and spheres.
Lead titanate-zirconate has increasingly replaced barium
titanate since 1957.

The PZT's (lead zirconate titanate) are solid

solution ceramics offering higher piezoelectric coupling, a wider temperature operating range, and a choice of variations in useful engineering parameters [11].
Commercially available forms of the PZT's have been the choice
of most modern transducer designers and will be selected for the transducer material of the device under discussion.
Within the PZT ceramic family of materials, there are several

13.8 MPa
2000 psi
10.3 MPa
1500 psi

MP a
psi
MP a
psi

20.7
3000
17.2
2500

MP a
psi
MP a
psi

34.5
5000
13.8
2000

517.:1. MPa
75000 psi
517.1 MPa
75000 psi

137.9 MPa
20000 psi

137.9 MPa
20000 psi

PZT-5A

PZT-SH

Taken from Groves

55.2 MPa
8000 psi

82. 74 MPa
12000 psi

82.74 MPa
12000 psi

517.1 MPa
75000 psi

Material

344.7 MPa
50000 psi

[17]

(maintained)
perpendicular
to polar axis

PZT-4

(cycled)
parallel to
polar axis

Compressive
strength

Max rated
hydrostatic
pressure

(maintained)
parallel to
polar axis

Max rated static compressive stress (25°c)

PROPERTIES OF THREE PIEZOELECTRIC CERAMIC MATERIALS
AT HIGH PRESSURE

Table 2

N
,__.
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compositions from which to choose.

The material chosen must have pro-

perties that have a minimum dependence on temperature and stress, and
must have long-term stability.
The effect of stress on piezoelectric ceramics is complex.

It

depends on the nature of the stress, whether one-, two-, or threedimensiona~,

whether cycled or

maintaine~,

the stress level, ceramic

composition and the orientation of the stress with respect to the
polarization axis.
Table 2 lists representative values for three piezoelectric
ceramic compositions commonly used in hydrophone applications.

The

maximum rated hydrostatic pressure is the pressure which would cause
unacceptable degradation in sensitivity of the piezoelectric ceramic
material.

The compressive strength represents the maximum compressive

stress which the ceramic material can withstand befo.r e fracture of the
material.

Column three lists the maximum compressive stress that can

be applied to the material before there is approximately one dB loss
in open circuit sensitivity.
Column fo.ur is the maximum cyclic stress which can be applied
parallel to the polarization axis.
Compressive stress as maintained perpendicular to the polarization axis, shown in column five, have the largest effect on sensitivity.

These values of stress give roughly a 1.5 dB loss in sensiti-

vity.
The commercially available lead zirconate titanat.e , PZT.-5A, is

23
recommended for hydrophones because of its good time stability, high
permittivity and high sensitivity [12].
Changes in most of the material properties of piezoelectric
ceramic materials tend to oe logarithmic with time after the original
polarization.

For example, if the dielectric constant of a ceramic

were 1000 one hour after polarization, then after ten years hours 990,
100 hours later 980, and 1000 hours later about 97p, then the piezoelectric ceramic would be aging at 1% per time decade.
The change in the dielectric constant of the

T

33 ,
for PZT-5A, is only 1% per time decade, compared to 5.8% per time de-

cade of PZT-4.

cerami~,

e

The electrical capacitance, thus impedance, of a

piezoceramic cylinder is proportional to the dielectric constant.
PZT-5A's high Curie point of 365°C makes it useful over a
wider temperature range than PZT-4 with a Curie point of 328°C or PZT5H with a Curie point of only 193°C.

This high Curie temperature

leads to better temperature stability.

It's high resistivity at ele-

vated temperatures allows use at very low frequencies [11].

Although

the hydrophone, in general, does not see use at temperatures greater
than 100°.c , the temperature stability of PZT-5A makes the material
attractive for low frequency uses.
There is a low frequency reduction in sensitivity intrinsic to
the piezoelectric ceramic

materia~,

at frequencies lower than this ''cut-

off"- frequency, the sensitivity is degraded to an unacceptable level.

24

At low frequencies the piezoelectric ceramic can be represented
by a resistor, Re, and capacito_r, c8 , in series. The RC time constant
of this circuit is determined by the volume resistivity and the electrical capacitance of the .piezoelectric ceramic.

This cut off fre-

quency f ce -can be estimated by the relation [7]
(20)
where
(21)

and
(22)
Substitution of these into Equation 20 gives
1

W)( T

2n ( A K 33

£0

A ...

W)p

(23)

which can be simplified to
1

(24)

where p is the volume resistivity, A is the surface area of the piezocerami c material, e:

is the permittivity of free space, and KT 33 is the
6
relative dielectric constant. For PZT-5A, f ce = 80xlo- Hz at 25°C and
0

0.00009 Hz at l00°C.

The intrinsic cut off frequency for PZT-4 is f ce=

0.002 Hz at 25°C and 0.03 Hz at 100°C.

The piezoelectric ceramic PZT-

25

5A is the material chosen for this hydrophone design example.
Acoustic Coupling Fluid
The coupling fluid used in the transducer must meet stringent
specifications.

The fluid ·must be chemically compatible with mater-

ials used in the hydrophone such as elastomers and adhesives.
not decompose over time or at high temperatures.

It must

In addition, it must

be safe to handle.
To avoid losses of received signals, the acoustic impedance of
the fluid must be a close match to the acoustic impedance of water.

If

the hydrophone must work over a wide range of temperatures and pressures a fill fluid with minimum changes in viscosity is highly desirabl~,

since the acoustic impedance of the capillary tube, as given by

Equation 15, is directly proportional to viscosity.

McMahon [13] has

pointed out that the sensitivity of a capped liquid filled piezoelectric
tube is directly proportional to the bulk modulus of the fill fluid and
the bulk modulus of coupling fluids is a

f~nction

of pressure.

The

properties of several fluids are given in Table 3.
Castor oil has the closest characteristic impedance match with
water and is probably the most suited overall [7].

The viscous nature

of .c astor oil makes heating necessary fo.r the hydrophone fil 1ing and
degrassing operation.

Castor oil has been used almost without exception

as the acoustic coupling fl .uid by the Naval Research Laboratory Underwater Sound Reference Division [14].

kg/m 3 )

3

0.76

Si 1i cone Oil
. ( DC200/. 65

t Calculated

values

*Approximate values at 25°C;

1308+

0.76

Shell Sol 71
900

1336

1.00

, Polyalkylene
Glyco 1

1050

1500
1540

l.00

1.02
0.95

p (lo

Silicone Oil
(DC510/50)

Water
(Sea at 15°C)
Castor Oil

L'iqUid

Density

Speed
of
Sound
c(m/sec)

0.68

0.99+

1. 38

.49

1. 34

1.05

1.53
1. 45

54

50

1.0
998

Viscosity ·
µ(lo- 3 pa-sec)

Taken from LeBlanc

0.62

1.30+

1. 78

1.10

2.29
2.25

Characteristic Bulk
Modulus
Impedance
9
8(10 Pa)
Pc ( 10 6 ~-sec)
m
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COMPAR'I SDN tl.F 0·1PFERENT COUPLING LIQUIDS*
TAB~E

[7]

0

50

-

273

-

-

Flash
Point
( C)

N

en
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Tests reported by Timme [15] show DB castor oil to be a very
benign fluid.

Various elastomers submerged in DB castor oil showed no

loss in ultimate tensile strength, while the elastomers were degraded
by silicon oil (Dow Corning DC 200 fluid) and most other common fill
fluids.
Therefore, castor oil is the choice of fill fluid in this hydrophone design example.
End Cap
Particular attention must be paid to the material used for the
end caps.

Excessive difference in the coefficient of thermal expansion

of the end cap and the piezoelectric ceramic cylinder can cause mechanical failure of the piezoelectric ceramic.
Tests conducted by Groves [16] indicate that end caps of magnesiu~,

with a coefficient of thermal expansion approximately seven

times that of PZT-5A, failed escessively when thermally cycled.
caps made of soda-lime

glas~,

End

with a coefficient of thermal expansion

approximately twice that of PZT-5A, showed no failures.
Materials commonly used for end caps are listed in Table 4.
Large stiffness of the material used for the end caps is necessary for
an efficient design.

Work by McMahon [13] indicates that receiving

sensitivity is maximum with a rigid end cap.

McMahon reports an appro-

ximate 6 dB loss in sensitivity in going from a rigid end cap to a .25
inch thick aluminum end cap, in a castor oil filled tube.

34.5
7.0
30.9
30.8
5.2
6.89
4.24
7.17
19.6
11.6

3.96
2.7
2.88
1.87
2.23
2.46
1. 74
2.23
7.91
4.51

PZT-5
*Perpendicular to Polar Axis
tParallel to Polar Axis

Alumina
(A1 2o3)
Aluminum
Beryll i a
Beryllium
Glass
Pyrex
Soda-lime
Magnesium
Quartz (fused)
Stainless Steel
(347)
Titanium
PZT-4

Material

-

~

-- -- - -

-

~

-

5170
4940
5760
5000

5770
5900
5790
5900

0.34

12870

12890
5640

5000

6420

9405

Long.
rod

speed

- .

2960

3050
3750
3100

...

-

9.0
3.8*
1. 7t
4.0t

3.2
8.5
27.0
0.55
14.0

3280

8800

23.8
4.0
12.3

6.5

.-

.. _.,

Coefficient of
linear thermal
expansion (o 0 c)
(x10- 6 )

3040

Shear
plate

(m/sec)

ON PIEZOELECTRIC

0.24
0.24
0.306
0.16
0.30

0.355
0.21
0.05

0.22

-

CHARACTERISTICS OF MATERIALS SUITABLE FOR END CAPS
CERAMIC TUBES
Sound
Young's
Density p
Poisson's
(kg/m3)
modulus Y
ratio
Long
(N/m2)
Plate
(x103)
(v)
(xlOlO)

TABLE 4

N
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From a practical point of view, stainless steel, a material
that can be machined by ordinary machining operation_s, would make a
good choice for end cap material.

It has a high stiffness and its

coefficient of thermal expansion is about

fo~r

times that of the cera-

mic PZT-5.
Type 316 stainless stee_l, used successfully in many hydrophone
design~, is the material used for the end cap in the hydrophone

design example.
Boot
The material used for the hydrophone boot is critical.

Water

and water vapor are responsible for a majority of the failures in
underwater transducers [17].
Butyl rubber compounds have been successfully used as acoustic
boots since 1948.

The water permeability of Butyl rubber is one-twen-

tieth to one-fortieth

th~t

of natural rubber, PVC (polyvinyl chloride),

hycar elastomers, hypalon, neopreme or polyurethane.
With the proper primers and techniques, Butyl rubber bonds
well to most metals and molds easily.

Butyl rubber has good chemical

resistance and has very good compatibility with castor oil.

The abra-

sion resistance is rated fair and it has a very good resistance to
ozone.

Butyl rubber's brittle temperature is -55°C.
Butyl rubber's major draw back is its poor acoustic impedance

match with water.

This impedance mismatch with water is more extreme

with low temperature where the speed of sound in Butyl is 1630 m/sec

30
at 25°C and water is 1570 m/sec (a difference of 60 m/sec).

The

difference increases to 475 m/sec at 50°C and water is 1510 m/sec.

At

low frequencies, where the thickness of the boot is small compared to
the wavelength of the acoustic signal in water, the acoustic impedance
mismatch is not as serious as these figures indicate.
Symmetry of the sensor element with the acoustic boot has been
found to be most critical at low temperatures.

Butyl rubber boots with

a wall thickness of 6.35 mm do not seriously affect the response or ·
directional characteristics at low temperatures if the acoustic window
is uniform in cross section and the upper frequency limit is no greater
than 40 kHz [17].

Thinner windows will permit operation to frequencies

greater than 200 kHz if some change in response characteristics with
temperature can be tolerated [17].
Component Values and Reservoir Volume
Compresibility of the coupling fluid necessitates a reservoir
of coupling fluid to compensate for volume changes due to increased
pressure.

In the design of

thi~ devic~,

the reservoir is contained in

the elastomeric boot between the bulkheads as shown in Figure 4.

The

reservoir is sized so that the reservoir's volume will be 35% of the
internal volume of the sound sensitive element at 55 MPa (8000 psi).
This volume was chosen to make the hydrophone arbitrarily small.
A relationship to find the volume of the reservoir can be derived fr.om the defi .n ition of bulk modulus, that is
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(25)
where s1 is the bulk modulus of the coupling fluid, V0 is the total
volume of coupling fluid at sea leve~, and 6P is the change in pressure.
The total volume is given by
(26)

where V is the volume of coupling fluid in the cylinder formed by the
piezoelectric ceramic and the end caps and VR is the volume of the
reservoir.

The change in volume from sea level to maximum depth is

given by

6V = .35V + V - V0

(27a)

and by substituting Equation 27 into Equation 28

6V = .35V + V - (V + VR)

(27b)

6V = .35V - VR

(27c)

substituting Equations 26 and 27c into Equation 25 and rearranging gives

V = 6~V
R

+

.35V

6P
1 - -

s

an expression for the volume of the reservoir at sea level.
The dimensions of the sound sensor element components are given
in Figure 5.

This sensor element will give the free field voltage

sensitivity and band width specified in Table 1 of the hydrophone
design example.
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From the dimension of the sensor elements, properties of the
piezoelectric ceramic PZT-5A, and castor oil, values for the equivalent circuit components given in Figure 2 can be evaluated with the
equations given in Chapter II.
At the extremes of temperature and pressure expected, 2°C and
34.5 MPa, -where the most rigorous demands on the hydrophone are made,
the value of the equivalent circuit components are:

c1 =
M

c

2.23 x 10- 16 ~s

= 2.10

x 10 9 kg

m4

R = 7.14 x 10 15 N-s
c
ms
R = 10 47 N- 2
m

•

m

M = 3.11 x 10- 3 kg
m

cm = 1.13

x 10

-9 m
N

Cb = 5.828 x 10- 9F
Predicted Response
At frequencies in the band of interest, the original circuit
(Figure 2) with transformers removed was simplified to the one shown
in Figure 6.

These simplifications are justified because
M

2

m Rm . RcA
-<<-<<-cp2 cp2
cp2

(28)
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12.7 mm

--..r...£-1

0.813 mm

---~~

J

9.525 mm

Piezoelectric ceramic cylinder

CJf
J.

J

6.35mm

11.176 mm

End cap

76.708 mm

_j

t.127mm

0.254 mm

Capi 11 ary Tube
Figure 5.

Dimensions of active element components
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m
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2
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2

Mc A2

Cb

ct>2

PA
<P

R A2

c

<1>2

Figure 6.

Simplified circuit
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The low frequency cut off point can be found if the circuit
is further simplified to that of Figure 7.

The cut off frequency,

the frequency where the response is 3 dB lower than nominal, is given
by
f

c

=

1

(29)

R A2
2n(-c-)(C')
~2

where

Cm~2

+ Cb

A2

(30)

The circuit of Figure 7 was evaluated by a Hewlett-Packard A-C
Circuit analysis program and the results are shown in Figures 8 and 9.
Figure 8 is the theoretical response of the hydrophone evaluated at 34.5 MPa and 2°C.

The response was also evaluated at 0 PA and

25°C, Figure 9, to ensure performance was ± 1 dB of the nominal
response specification.
The cut off frequency is in excellent agreement with the values
predicted by Equation 29, or f c
fc

= 0.045 Hz at 2°C and 34.5 mPa and

= 0.39 Hz at 0 Pa and 25°C.
The damping

relation

factor~,

for the circuit, was evaluated by the

C'
McA2
(31)
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Q--~~Cb~~--~~~~~~---R-cA_2____, _________

PA
¢2

Figure 7.

Low frequency equivalent circuit

~
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or after substituting component values
l;;

=

1772.3

thus, this circuit is highly

dampe~,

and shows little effect of the

Helmjoltz resonance [18] at the predicted frequency of

fn

= 2n

(32)

N2

McMahon's relation [13] for the sensitivity of a capped oil
filled piezoceramic tube could be used as a good cross check for the
sensitivity on the flat portion of the frequency response curve.
McMahon's relation is

1 +

s

+ bg33(1-S)(l+ST)
1+

where bis the outer

radiu~,

(33)

s

sis the ratio of inner diameter to outer

diameter and gnn where n equals one or

thre~,

are piezoelectric mater-

ial constants.
The pressure ratio

=
T

T

is given by

(5 - 4aD) + o(l-s 2 ) ·
(3-6a 0 )s 2 + (2+2a 0 ) + (

·~

S1S 11

+ a)(l+s 2 )

(34)
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where
3

5

=ra (ysD1 ) 81 [Ia (7 -

6v - v2) + 6(1 + v)~]

(35)

11

Y and v are Young's modulus and Poisson's ratio respectively for the end
cap material and t is the thickness.

cr

D and SD

11 are piezoceramic

material constants.
If the appropriate values are substituted into Equation 33 the
sensitivity is found to be -91.6 dB re lV/Pa.

This value is in good

agreement with the predicted value of -89.4 dB re lV/Pa from the equivalent electroacoustic circuit model.
Although both models are restricted to frequencies less than
the first structural resonance, f

<

fr, neither Equation 33 nor the

equivalent electroacoustic circuit account for the added stiffening of
the ceramic tube due to the end caps.

The sensitivity found by Equation

33 is expected to be less than that predicted by the equivalent circuit
because Equation 33 takes into account the deflection of the end caps,
which decreases sensitivity by increasing the pressure internal to the
sensor.
Groves [17] describes a hydrophone of similar design where the
sensitivity predicted by Langevin [6] for a capped piezoelectric
tube was reduced by 3.5 dB after oil filling.

If the hydrophone's

sensitivity is calculated by Langevin's equation the result is -82.7
if the result is further reduced by 3.5 dB, then the expected sensitivity is -86.2 dB.

d~,
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Langevin's model for the sensitivity of a capped piezoelectric
tube as well as the equivalent circuit model does not take into account
the loss in sensitivity due to the end caps deflecting.

Despite the

reduction by 3.5 dB due to the oil filling, the sensitivity predicted
by Langevin is expected to be greater than predicted by Equation 33.
Geometric and fill fluid bulk modulus differences between Grove's [17]
hydrophone and the proposed hydrophone could account for the additional
3.2 dB difference between the equivalent circuit model and Langevin's
modified equation for sensitivity.
The device must be thoroughly purged of all gas vapors.
gas bubbles left in the oil can alter the volume

complianc~,

the volume of the bubble is pressure dependent.

Therefor~,

Any

because
sensitivity

and low frequency sensitivity would be a function of depth.
Long-term stability and the voltage sensitivity's freedom from
hydrostatic pressure dependence is the reason acoustic decoupling
materials (i.e., shielded designs) are not considered.

Most decoupling

materials become saturated with acoustic coupling fluid after a period
of time.

These shielding materials also become stiffer with increasing

pressure; thus, they lose their effectiveness as decoupling agents.

CHAPTER IV
CONCLUSION
The capillary tube compensated hydrophone is a viable design.
Hydrostatic pressure compensation increases the working depth capabilities maintaining adequate band width and free field voltage sensitivity.

Other methods of hydrostatic compensation are available, but

the capillary tube is an elegant solution, being simple, cost effective,
and physically small.
In the hydrophone design example given, compensation increased
the depth capabilities by over 1100%.

There is a loss of free field

voltage sensitivity, due to the acoustic coupling fl.uid, of about 6.8 dB.
This loss can be reduced by the proper electrical amplifier.

The capi-

llary tube causes a low frequency loss in free fi .e ld voltage sensitivity.
The frequency at which loss begins can be put below the band width of
interest, and is therefore inconsequential.

Compensation stabilizes the

fr.ee field voltage sensitivity with depth, in the example given response
stayed within 1 dB of nominal.
A more rigorous model could be developed to include the effects
of piezoelectric ceramic tube stiffening due to the end caps, but it is
felt the model given is sufficiently accurate.

The only true test of a

mathematical model is by building and testing the device.

Testing the

hydrophone must be done in a manner consistent with the requirements
made of the device; high pressure, low temperature test facilities
expensive and not readily available.
42

are

APPENDIX
. FUNDAMENTAL . FREQUENCY OF SENSOR ELEMENTS
One of the prerequisites for the use of Langevin's relations
for a capped tube is .that the first structural resonance be much
greater than the maximum frequency of interest.
f

<<

fr

(A-1)

The first radial resonance of the cylindrical tube (neglecting
the effect of the end caps) is given by
_ _l ___ )i

-a 2

p

(A-2)

SE11

For the structure studied a = 4.36 x 10- 3 m,
m3 , and sE 11 = 16.4 x 10- 12 m2;N. Therefore,

p

= 7.75 x 10 3 Kg/

or
fn

= 0.10 x 106

Hz

(A-3.)

This frequency is over two orders of magnitude above the
maximum frequency of interest, 1.0 x 10 3Hz, and meets the requirements
of f

<<

f .
r
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